The tensile and compressive properties and the fracture resistance of two aluminium alloy foams have been measured. The yield strength, unloading modulus and toughness increase with relative density in such a manner that the closed cell foams of this study behave as open cell foams. These relationships can be described adequately by power law fits. Experimental results, when compared with theoretical models based on idealised foam structures, reveal unexpected discrepancies. We conclude that they are caused by morphological defects in the microstructures of the foams, the effects of which were not included in the models. Tests on samples with deep sharp notches show that the tensile and compressive strengths are notch-insensitive. Fracture toughness measurements show an R-curve behaviour. This is analysed in terms of the underlying microstructure -the major cause of the R-curve was observed to be the development of crack bridging ligaments behind the crack tip. The compact tension specimens employed were sufficiently small for the uncracked ligaments to suffer plastic yielding during the fracture tests. The crack bridging response was quantified in terms of the normal traction versus plastic displacement curve; the area under this curve for a deep double edge-notched specimen is approximately equal to the measured steady state toughness. The accuracy of an existing micromechanical model for the fracture toughness of brittle open cell foams is assessed, and a new toughness model for ductile foams is derived.
Introduction
Recent developments in foaming technology have made metallic foams a commercial possibility. Metallic foam manufacturing techniques include solid state powder methods, gas-blowing processes, liquid state processing, casting with a blowing agent and metal deposition onto a polymer 'precursor' [1 -9] . This paper reports a study of the monotonic deformation and fracture properties of two closed cell aluminium alloy foams, Alporas 1 and Alcan 2 . The Alcan foam is made in the liquid state by blowing with air or nitrogen, whereas Alporas is produced by stirring a blowing agent (titanium hydride) within the melt.
The understanding of foam modulus, strength and toughness
We consider a closed cell foam of density z made from solid aluminium alloy of density z s . First, we summarise the current theoretical understanding of the relation between the basic mechanical properties and the relative density z (z/z s ) of metallic foams. Since foams can suffer large plastic strains, it is important to define stress and strain precisely: we shall employ nominal measures of stress and strain throughout.
When a closed cell foam is deformed the cell edges bend, and the cell faces carry membrane stresses. The contribution from cell face stretching to the overall stiffness and strength of the foam is by a term that is linear in the relative density z , while the contribution from cell edge bending is non-linear in the relative density. The result, as Gibson and Ashby [1] show, is that the yield strength of a metallic foam | pl in tension or compression is related to the yield strength of the cell wall material | y by:
where , the 'distribution constant', is the fraction of solid in the foam that is contained in cell edges (z 5 51). The remaining fraction (1−) occupies the cell face. Similarly, the modulus E of the foam is related to the elastic modulus of the cell wall material E s according to:
Estimates for | pl /| y and E/E s for the limiting case of open cell foams are obtained by setting the distribution constant =1; those for closed cell foams with negligible cell edges are given by =0. The geometry of the cells changes with imposed strain. An extreme manifestation of this is the sharp increase in the compressive stress versus strain curve at a nominal compressive strain, termed the densification strain, which is given in [1] by:
For non-metallic cellular foams [1] it has been found that h : 0.8 and i=1.4, whereas for currently available metallic foams [10] , h : 0.8 and i = 1.4-2.0. The fracture toughness of foams is less well documented. Earlier work of Gibson and Ashby [1] has demonstrated that the fracture toughness K IC of brittle open cell foams depends upon the relative density z, the fracture strength (or yield strength) of the cell wall material | y , and the cell size l, according to
A number of experimental investigations [1, 11, 12] on brittle foams support the accuracy of Eq. (4). Sugimura et al. [13] have conducted notched bend tests to investigate the crack growth response of a closed cell aluminium alloy foam (trade name 'Alporas'), processed by gas-releasing particle decomposition in the melt. Fracture measurements indicated that crack growth occurs along the cell faces by a mechanism analogous to the plastic tearing of thin sheets. The resulting steady state fracture toughness K ss was estimated to be
where E s is the Young's modulus of cell wall material, and l is the cell size. More recently, using compact tension specimens, McCullough et al. [14] have measured the crack initiation toughness and the R-curves for another type of closed cell aluminium alloy foams (trade name 'Alulight'), processed by gas-releasing particles in semi-solids. They showed that the development of a crack bridging zone behind the crack tip plays a major role in the increased crack growth resistance with crack advance. The crack bridging law of the foam has also been measured independently by McCullough et al. [14] via deep notch tests, and it was confirmed that the area beneath the bridging traction versus extra displacement curve approximately equals the steady state crack propagation toughness J ss . These experiments support the use of a Dugdale-type line spring model for crack growth. In order to assess the accuracy of existing predictions for the properties of metallic foams it is important to have reliable data for the cell wall properties z s , E s , | y and for foams over a wide range of relative density. In this study we measure the cell walls properties independently, and we then compare the predictions of Eqs. (1)- (4) with measured data.
Experimental procedure

The materials
Two closed cell foams were investigated in this study. The first, Alporas, consists of 0.4-2 wt.% of calcium to enhance viscosity and B2 wt.% of titanium hydride powder added as a foaming agent. The titanium released from the foaming agent and the calcium remain in the aluminium after the processing has been completed: the cell walls contain the oxides CaO and CaAl 2 O 4 . The Alporas foam was tested in the asfoamed condition without a cold rolling pre-treatment. (An alternative version of Alporas foam is rolled in order to burst the cell walls and increase its noise absorption properties.) The second, Alcan, is a cast aluminium alloy, A356 (7 wt.% Si and 0.3 wt.% Mg), stabilised by about 5-15 vol.% SiC particles (average size between 1 and 20 mm). The Alcan foams are notable for their large cell size, on the order of 5-15 mm; they are cast into plates of thickness 40-75 mm and possess a density gradient through the thickness [15] .
Samples of the foams were sectioned by electro-discharge machining, infiltrated with a coloured epoxy, polished and then scanned digitally into a 2D quantitative image analysis system using a video camera [16] . Typical microstructures are shown in Fig. 1 . Digital analysis of the binary images was used to characterise the cell shape, relative density and cell wall thickness. Table 1 lists the results.
Mechanical testing strategy
Uniaxial tension and compression stress-strain tests and fracture toughness tests were performed at room 
Uniaxial tension and compression tests
Tensile tests were performed on dog-bone specimens with gripped faces reinforced with epoxy. Specimens of uniform rectangular cross-section were used for the compression tests. All specimens were sized to ensure that they contained a minimum of seven cells per side, in order to ensure that the measured properties are representative of those of the bulk material [17, 18] . Tensile and compressive tests were performed on both the Alcan and Alporas foams in the longitudinal (L), transverse (T) and through-thickness (TT) directions. For the case of Alcan foam, the higher density skins were removed to a depth of 5 mm prior to the testing in the L and T directions.
Uniaxial tension and compression tests in the presence of deep notches
Deep double edge-notch specimens of Alporas foam (relative density z=0.11, length= width= 60 mm) and Alcan foam (z= 0.075, length= width= 60 mm) were prepared in the longitudinal direction to determine the notch sensitivity. The measured net section stress versus plastic displacement across the ligament was also measured, and used subsequently as the cohesive zone law in a crack bridging model. The notches were electrical discharge machined into the specimens, and were of root diameter 0.1 mm, and height 0.1 and 7 mm for the tensile and compressive test specimens, respectively. Clip gauges of gauge length 8 mm straddled the midplane of the specimen, and were used to measure the plastic displacement at the net section due to the accumulation of plasticity and microcracking.
Fracture toughness tests
Fracture toughness tests were performed on standard compact tension specimens of width, W= 100-200 mm and initial notch length a 0 /W=0.30 for the Alporas foam, and of width W= 150-300 mm and a 0 /W=0.30 for the Alcan foam. The starter notch was cut into the temperature in displacement control using a servo-hydraulic testing machine. Each specimen was weighed to four significant figures to determine its density z, and hence the relative density z. During compressive loading, the loading platens were lubricated with PTFE spray in order to minimise friction between the platens and the specimen.
Tests were performed at a rate of 0.01 and 0.1 mm s − 1 for tensile and compressive loading, respectively. Details of the testing procedure for uniaxial tension and compression, and for fracture toughness follow. specimen by electric discharge machining to give a root diameter of 0.1 mm and height 0.1 mm. Other specimen dimensions were based on ASTM E399-90 and ASTM E813-89 standards [19, 20] . The specimens were aligned such that the crack propagated in the L-T direction.
An accurate determination of the fracture toughness depends upon the reliable measurement of crack length. The DC potential drop technique was used, since it is able to measure crack length to an accuracy of 0.01 mm and can do so continuously as the crack advances. Accordingly, a constant 3A direct current was passed through the fracture specimens and the potential drop across the notch was monitored, taking precautions to achieve high sensitivity and stability [14, [21] [22] [23] .
The accuracy of the potential drop method was checked against visual observations of crack advance using a travelling microscope, and the back face strain compliance technique. The unloading compliance method was used, as recommended by the J IC standard, ASTM E813-89 [20] , and the usual closed form relationship between crack length and the back face strain [21, 24] was employed. The crack length measured by the potential drop technique was in good agreement with the observed crack length and with the inferred crack length by the unloading compliance technique.
Unnotched material: mechanical properties and energy absorption
Typical stress-strain curves are shown in Fig. 2(a) for the Alporas foam and in Fig. 2(b) for the Alcan foam. We note that the overall shapes of the tensile and compressive stress -strain curves are insensitive to the choice of material. Alporas foam was found to be almost isotropic, with a variation of 915% in modulus and yield strength with regard to specimen orientation. In contrast, the Alcan foam is orthotropic; the tensile and compressive stiffness and strength are least in the through-thickness (TT) direction.
In compression, both foams show a local peak stress at yield, followed by a fairly constant plateau stress. The plateau stress | pl was taken as the average compressive stress for compressive nominal strains within the range 5-30%. In tension, both materials strain harden within the plastic range, prior to tearing at a strain of only a few percent. We found that the ultimate tensile strength | UTS is within 25% of the compressive plateau stress | pl for both foams. The unloading Young's modulus E in both tension and compression tests was measured from the slope of the unloading curve after a small plastic strain, of the order of 1%; it was found that the tensile and compressive unloading moduli are equal, for each of the foams. Fig. 3(a) and (b) summarise the measured unloading modulus E and yield strength | pl plotted against z . A power-law dependence of E and of | pl upon z is noted, with an exponent in the range 1.8-2.2 for modulus, and in the range 1.3-2.1 for strength. In view of the scatter in measured stiffness and strength, particularly for the Alcan foam, the numerical values for these exponents are estimates only. The scatter appears to be associated with the high degree of heterogeneity of microstructure; for the Alcan foam, a strong gradient of density also exists in the thickness direction, as reported previously by Olurin et al. [15] . In general, the Alporas foam is stiffer and stronger than the Alcan foam, at a given relative density.
The energy absorption of a foam is related to the area under the compressive stress-strain (|− m) curve:
where U is the energy absorbed per unit initial volume up to the densification strain m D . Here, we shall take m D as the nominal compressive strain at which the nominal compressive stress equals twice the plateau value | pl . U is plotted against the compressive plateau stress | pl in Fig. 4 for both foams. The energy absorption efficiency x is defined as the ratio of energy absorbed by an ideal energy absorber to that absorbed by the actual foam:
The efficiency was independent of relative density for each foam, and the average values are summarised in Table 2 . The lower efficiency of Alcan foam in the through-thickness direction reflects the strong density gradient in this direction. Honeycombs, for comparison, have an efficiency between 88 and 96%, though they are, of course, exceedingly anisotropic. Predictions of the stiffness and strength models of Section 2 require data for the cell wall modulus E s , yield strength | y and density z s . We took E s =70 GPa, z s = 2700 kg m − 3 , = 0.75, and | y = 160 MPa for the Alporas foam and 250 MPa for the Alcan foam; these values were derived from microstructural observations and from microhardness measurements of the cell edges. Table 3 shows a comparison between the predicted and measured stiffness and strength. It is clear that the stiffness and strength of the two foams are significantly less than the predictions (1) and (2), which were derived and validated for polymeric foams. The discrepancy is ascribed to the high level of imperfection within the metallic foams (e.g. missing cells, cell wall waviness and curvature, holes, fractured cell walls, inclusions and non-uniformity of local density). 
Notched material: tensile and compressive responses for deep sharp notches
The effect of notch length a 0 upon the tensile and compressive strengths of deep double edge notched specimens are shown in Fig. 5(a) for Alporas foam and in Fig. 5(b) for the Alcan foam. The plots display the net section stress versus the plastic displacement, Du = u− u el (where u is the total displacement across the notch and u el is the elastic load-line displacement). For both tensile and compressive tests, the net section stresses exceed the yield strength of the unnotched materials, which implies a small degree of notch strengthening associated with plastic constraint. The increased strength with reduced net section may also be due to a reduced probability of material imperfection with diminishing stressed volume.
It is noted from Fig. 5 (a) and (b) that the net section stress drops to zero in the tensile tests at an opening displacement Du =1 -2 mm for both foams. The displacement Du at fracture is almost independent of a/W for the Alcan foam, see Fig. 5(b) ; for Alporas foam, it decreases by about a factor of 2 when a/W is increased from 0 to 0.6, refer to Fig. 5(a) . In contrast, the compressive net section stress remains almost constant with increasing deformation; the tests were terminated before the notch faces came into contact. A similar response has been observed previously [13] in deep notch compression tests on the Alporas foam. 
Fracture toughness tests
Test 6alidity
Limitations on the available thickness of metallic foams and size limitations on the available test machine precluded the use of a valid K IC plane strain fracture toughness test [19] , and so the J-integral test [20, [25] [26] [27] was used instead. Three alternative J-integral test procedures exist in the literature: the ASTM standard ASTM E813-89 for the determination of J IC [20] , the J-R standard ASTM E1152-87 [27] , and the modified J-integral J M test [28] . McCullough et al. [14] have already compared these three tests methods for an aluminium alloy foam, Alulight, and they find identical measurements of the J-curve to within experimental scatter. A similar finding was obtained from preliminary tests on Alporas foam, hence the ASTM Standard E813-89 [20] was adopted due to its relative simplicity.
Typical J-integral test results are shown in Fig. 6 (a) for compact tension specimens made from Alporas foam of relative density z=0.15, and width W=100 mm and W= 200 mm. The responses of the two specimens are essentially the same for a crack extension Da B 10 mm; at greater crack extensions the responses In all subsequent tests reported, the specimen thickness B and uncracked ligament c=W−a were sufficiently large for the size criterion to be met and so the provisional value of J IC is valid. The J IC standard recommends that the initial notch be sharpened by pre-cracking in fatigue. Preliminary tests were performed to compare the fracture toughness response of fatigue pre-cracked specimens with those of specimens spark machined with notch root diameters in the range 1-10 mm. We found that a spark-machined notch gave the same fracture response as a fatigue pre-cracked specimen provided the notch root diameter was less than the average cell size. It is concluded that notches of small initial opening are blunted to an opening of one cell size. When the notch root diameter exceeds the average cell size, the measured toughness is increased, and is unrepresentative of the material toughness (see Fig. 6(b) ). Unless otherwise stated, the fracture results presented herein are for specimens that were spark machined to an initial notch opening of 0.1 mm, which is less than the cell size of 3.5 mm for Alporas foam and 5 -12 mm for the Alcan foam.
Effect of relati6e density upon the R-cur6e
Visual observations of crack growth in the J-tests reveal that cell edge ligaments bridge the crack. It is argued that the bridging ligaments are the source of the R-curve behaviour. With continuous crack extension, J increases until a steady-state toughness J ss is attained, see Fig. 6(a) . The effect of relative density z upon the R-curve behaviour is plotted in Fig. 7(a) for the Alporas foam, and in Fig. 7(b) for the Alcan foam. As expected, the J-resistance curves increase in magnitude with increasing z. The dependence of J IC and J ss upon z is shown explicitly in the log-log plots of Fig. 7(c) for the Alporas foam, and Fig. 7(d) for the Alcan foam: both J IC and J ss vary with z to the power of about 1.5 for each foam. The scatter in the measured J IC and J ss values versus z is much less than that observed for uniaxial tensile and compressive strengths, as summarised in Fig. 3(a) and (b) . This reduced scatter is due to the fact that the CT specimens are much larger than the specimens for the uniaxial tests.
In order to compare the predictions of the fracture toughness models of Section 2 with the measured toughness data, we need to convert the J IC values to K IC values using the well-known Irwin relation K IC = E ( J IC where E ( is the plane strain value of Young's modulus. We have measured Young's modulus for each foam via the unloading compliance of the compact tension specimens, and used these measured values in the calculation of K IC . Good agreement was observed between these measured values from the CT specimens and the values measured in the uniaxial tests along the L and T directions, as already reported in Fig. 3(a) . The scatter however is much less for the CT specimens, due to their large size. The Poisson's ratio w of the foams was found to be about w= 0.2, and this value was used in order to calculate the plane strain modulus E ( from the plane stress value E, according to E ( E/(1− w 2 ). Results for K IC are included in Fig. 7(c) and (d) . We note that K IC varies with z to the power of approximately 1.5 for both foams. These dependencies support the notion that the foams behave as open cell foams [1] .
The prediction (4) for K IC is included in Fig. 7 (c) and (d). For Alporas foam, the predicted value of K IC varies with the relative density to the power of 1.5, whereas for the Alcan foam, a simple power law is not obtained, due to the dependence of cell size l upon z . The prediction (Eq. (4)) is able to capture the functional dependence of K IC upon z , but underpredicts K IC by a factor of about two for Alporas foam and overpredicts by a factor of about two for the Alcan foam. The Alcan foam is more heterogeneous and brittle than the Alporas foam, and contains a gradient in relative density through its thickness [15] .
A crack bridging model
It is instructive to employ a cohesive zone model to predict the steady state toughness J ss . We assume that the foam behaves as an elastic solid with a cohesive zone ahead of the initial pre-crack; the tensile traction versus local crack opening displacement relation is taken to equal the net section stress versus extra dis- placement Du in the deep notch tests of Fig. 5 . Then, J ss equals the work of fracture W f , as defined by the area under the traction versus Du curve 3 , see Rice [29] . The comparison of J ss and W f is shown in Fig. 8(a) for the Alcan and Alporas foams; data are included for an Alulight aluminium alloy foam [14] , and for a PVC foam (trade name 'Divinycell' H200) [30] . We conclude that J ss :W f for the Alporas, Alulight and PVC foams, whereas J ss is of the order of 50 -90% of W f for the Alcan foam. The reason for the reduced value of J ss /W f for the Alcan foam is unclear.
The relationship between the steady state toughness J ss and the strength and cell size of the foams is explored in Fig. 8(b) . Specifically, J ss /| UTS l is plotted against z for the Alcan, Alporas, Alulight and PVC foams: we find that J ss /| UTS l : 1 for the Alporas, Alulight and PVC foams whereas J ss /| UTS l : 0.2 for the Alcan foam. The reduced value of J ss /| UTS l for the Alcan foam is consistent with the observation that the critical opening Du, at which the bridging traction drops to zero in the deep notch tests, is given by Du : 0.2l for the Alcan foam. By comparison, the bridging traction drops to zero at Du :l for the Alporas, Alulight and PVC foams.
The observations of the current study give an alternative explanation to that of Sugimura et al. [13] for the underlying mechanism controlling the steady state toughness J ss . It appears that the crack bridging strength, and critical crack opening Du are set by bending of the cell edges, rather than by plastic stretching of the cell faces. The supporting arguments are as follows. 3 This corrects Eq. (6.5) of McCullough et al. [14] . The error in [14] stemmed from the fact that the moment M versus extra rotation q% for a deeply cracked beam in bending was wrongly stated in Eq. ) in the notation of [14] .
1. Eqs. (1) and (2) suggest that the strengths and moduli of a foam scales with z 1.5 and z 2 , respectively, when the tensile behaviour is dominated by the bending of cell edges. The accumulation of experimental evidence, as given in Fig. 3 for the Alporas and Alcan foams, and as summarised by Ashby et al. [10] for a wider range of metallic foams, supports this dependence. 2. The critical tensile opening Du for which the net section stress drops to zero in the deep notch tests is of the order of the cell size l, rather than the thickness of the cell faces.
The steady state fracture toughness K ss can be estimated from the following relations: 
We note the close similarity between Eq. (5) and Eq. (9), except for the difference in the exponent of z .
Concluding remarks
This paper describes the tensile, compressive and fracture properties of two metallic foams with the trade names Alporas and Alcan. Moduli, strengths and densification strains are characterised as a function of relative density. The results, when compared with theoretical models based on idealised foam structures, reveal unexpected discrepancies. The discrepancies are caused by defects in the microstructures of the foams, the effects of which were not included in the models. Tests on samples with notches show that the properties are notch-insensitive. Also, the toughness of the aluminium alloy foams has been measured and interpreted in terms of their microstructures. A significant R-curve behaviour was observed: this is due to cell edges bridging the crack behind the observed crack tip. The area under the traction-plastic displacement curve for deep double edge notched specimens is in satisfactory agreement with the steady state toughness J ss for the Alporas foam.
